INTRODUCTION
Ecologists and evolutionary biologists often use optimality approaches to predict the phenotypes that may evolve when there are different fitness costs and benefits associated with these phenotypes (Maynard Smith 1982, Grafen 1991, Seger and Stubblefield 1996). Optimality models assume that the genetic details underlying trait variation do not matter, and are compatible with genetic variation controlled by many loci with small effects, unlimited mutation rates, and no constraints on trait evolution as a consequence of pleiotropy. However, biologists are also acutely aware of evolutionary limits. While limits to species distribution In this paper, we review evidence for genetic limits to evolutionary change, and critically assess common approaches to the study of genetic limits. We first assess genetic limits to the response to selection in single traits, and highlight that some traits in some populations/species can display undetectable or very low genetic variance. Second, we detail how genetic limits in two-trait systems have been investigated, and highlight methodological limitations in approaches applied to the analysis of genetic constraints as a consequence of trade-offs. Third, we show how a multivariate definition of genetic constraint can be achieved that provides a unified framework for the analysis of genetic limits. Finally, a program for further research is outlined that may yet determine that genetic limits are more frequently encountered in natural populations than is currently appreciated.
QUANTIFICATION OF GENETIC VARIATION
There are a number of ways that the level of genetic variation has been quantified. The genetic variance of a trait is the fundamental measure of genetic variation, and is central to many applications in quantitative genetics. Since the genetic variance remains in the units of the original measurements, it is of little use for comparing, for instance, levels of genetic variation across traits. To determine the effect of selection on a trait in a single generation, the genetic variance is often represented as a proportion of the total phenotypic variance, the heritability:
where R is the response to selection, h2 is the heritability, and S is the selection differential. Since heritability is a ratio, differences between two populations 
GENETIC LIMITS TO EVOLUTIONARY CHANGE IN SINGLE TRAITS
There is a large literature on the quantitative genetic basis of single traits under natural, laboratory, and domesticated conditions, and we will not attempt a comprehensive review. Rather, our goal is to highlight zero or low levels of genetic variation in some traits or species/populations and why these might occur.
Traits with undetectable or very low genetic variance
Surveys of trait heritabilities originally suggested that genetic variance for morphological traits was higher than for life-history traits (Mousseau and Roff 1987 In plants, selection for heavy metal resistance has often failed to produce tolerance because of the absence of genetic variability (Bradshaw 1991) . For example, in plant species that have successfully colonized mine soil, tolerant individuals can normally be found at a low frequency in populations from uncontaminated areas, whereas these individuals are absent in species that have not colonized contaminated areas (Macnair 1997 poorly, even though this plant was used by a sister taxon. Most quantitative genetic experiments have been undertaken on model systems or agricultural organisms, and often on species easily reared in artificial environments, rather than on species that are specialists with restricted distributions. It is possible that high levels of genetic variability commonly detected for traits on these organisms may not generalize to others. A recent example concerns the response to selection for desiccation resistance in a rain forest Drosophila (Drosophila birchii). This species is restricted to increasingly fragmented rain forest patches along the east coast of Australia. D. birchii is particularly sensitive to desiccation, and clinal variation in resistance suggests a pattern of past selection on this trait (Hoffmann et al. 2003). When the most resistant geographic population was intensely selected for increased resistance, there was no response even after 30 generations; the trait was at a selection limit. Parent-offspring comparisons indicated no significant additive genetic variance for this trait despite high levels of heritable variation in morphological traits and high levels of molecular genetic variation. These results contrast markedly with heritable variation and rapid responses to selection for this trait in other species, such as D. melanogaster. In fact, desiccation resistance is among traits with the highest heritability and evolvability in Drosophila Perhaps the simplest of the remaining hypotheses is that mechanistic or physiological constraints make it unlikely that genetic variation in one direction will be generated by mutation. For example, basal metabolic rate is closely tied to the size of organisms, and the relationship between size and metabolic rate in a wide range of organisms including mammals, invertebrates, and protists can be described by the same scaling func- ance. However, they also pointed out that selection can oppose the maintenance of deleterious mutations with an early age of onset, but not mutations with a later onset. These observations also provide support for the elimination of genetic variance by selection, which we discuss in more detail in the following paragraphs.
Low recombination rates might decrease genetic variance by decreasing the rate at which favored combinations of alleles arise. The results of some selection experiments suggest that selection responses can be inhibited when genes are tied up in large standard and inverted chromosome arrangements, and populations are polymorphic for these arrangements (e.g., Carson 1958) . Recombination between inverted and standard arrangements is inhibited, preventing new combinations of alleles from forming. This can decrease genetic variance available for selection in a range of traits, but does not alter variation at neutral loci.
Another class of hypotheses involves the action of selection. Selection may favor modifiers that decrease the expression of phenotypic variability, resulting in genetic canalization (Wagner et al. 1997 ). Some experiments suggest that canalized traits can only evolve under some environmental conditions that allow cryptic genetic variation to be released, for example via changes in levels of Hsp90, one of the heat shock proteins ( The extent to which the different explanations apply to the cases of low levels of genetic variance discussed above is unknown. For the same trait in different populations or related species, it would be surprising if the mutational target had changed, because genomes are generally highly conserved and the number of genes affecting a trait in different species is likely to be similar. For different traits, it has now been firmly established that a trait's association with fitness is a poor predictor of the level of genetic variance. In general, however, given the large number of possible causes of variation in the genetic variance of single traits, it seems unlikely that broad generalizations concerning the relative importance of each mechanism in explaining this variation across trait types and populations will be possible in many cases.
GENETIC LIMITS TO EVOLUTIONARY CHANGE IN Two TRAITS
Genetic correlations between traits are usually assumed to be a consequence of pleiotropy, and have played a central role in the development of genetical theories of life-history evolution (Lande 1982 , Rose 1982 . Although many studies have focused on bivariate genetic correlations, these have mostly been unsuccessful in demonstrating genetic limits to selection. Here, we outline the importance of bivariate genetic correlations and how they generate indirect selection on traits not under direct selection, and highlight a number of inherent weaknesses in focusing on bivariate genetic correlations as causes of genetic limits.
Genetic covariance between a trait and fitness
The most important bivariate genetic relationship is the genetic covariance between a trait and fitness. The response to selection of a single trait in Eq. 1 may be represented in an alternative form (Price 1970 Second, it is often the case that substantial genetic variance is maintained in selected lines because of the correlation between the trait under selection and fitness. Many limits in selection experiments appear to be reached because of counterbalancing natural selection as a consequence of negative pleiotropic effects of the alleles that have responded to selection (Barton and Turelli 1989, Tanaka 1998). In other words, the alleles underlying the selection response generate a negative genetic covariance with fitness as defined in the absence of the selection pressure. For instance, Hill and Mgaba (1998) described high levels of genetic variance remaining in lines of mice selected for 50 generations. In this case, low fitness of the selected individuals seemed to be responsible for the selection limit, because there was increasing natural selection against individuals with extreme phenotypes as artificial selection progressed.
These examples highlight the importance of considering the response to selection of a trait of interest in the context of a wider set of functionally related traits and pleiotropic effects if one is to understand the evolution of the target trait. In both cases, pleiotropic effects of the alleles underlying the genetic variance in the target trait appear to constrain further evolution. Dickerson (1955) emphasized that a set of individual traits could all display genetic variance, and yet a response to selection for increasing values of all traits ("total productivity") may not be possible as a consequence of the genetic covariance structure among traits, a view we develop further in later sections.
Genetic correlations among life-history traits
Often in evolutionary ecology, the genetic covariance between two life-history traits has been recognized as providing a potential genetic constraint on the response to selection. Life-history investigations have often sought to determine if negative genetic correlations exist between fitness components that would limit further evolution (Lynch and Walsh 1998). Comparative analyses on genetic correlations from a range of traits have suggested that negative genetic correlations might be more prevalent between life-history traits than other types of traits, reflecting stronger underlying trade-offs between major fitness components (Roff 1996) . Although negative genetic correlations are often considered the primary mechanism of trade-offs in natural populations, many life-history genetic correlations are positive (Roff 1996) If sustained directional selection does generally result in ill-conditioned G matrices, representing a depletion of genetic variance in the multivariate direction of selection, why can't mutation keep pace, supplying further genetic variance and resulting in a continued response to selection? The answer might lie in the complexity of adaptation represented by multiple traits responding to selection. Fisher (1930) first noted, and Orr (1998 Orr ( , 2000 has subsequently confirmed, that the rate of adaptive change slows as the complexity of the adaptation increases. Fisher (1930) proposed a geometrical view of an organism composed of orthogonal traits, in the same fashion as the diagonalization of a G matrix discussed above establishes the effective dimensionality of the genetic basis of a set of traits. As the number of dimensions increases in an adaptation, the slower the response to selection, as mutation finds it increasingly difficult to supply allelic variants that satisfy all the selective constraints imposed by the complex solution natural selection has found. The probability that a mutation will be favorable is roughly inversely proportional to the number of dimensions. Therefore, genetic variance in multitrait systems under directional selection may be depleted faster than mutation can supply.
CONCLUSIONS AND FUTURE DIRECTIONS
An empirical reliance on single-trait heritability and bivariate genetic correlations studies, and the frequent use of cosmopolitan species as laboratory models, have influenced how genetic limits to evolutionary change are viewed. Contrary to the common opinion that genetic variance will be present in any trait (Lynch and Walsh 1998) 
